The application of the dynamic mechanical thermal analysis (DMTA) test method in the study of the effect of storage time on the curing process of sheet moulding compound (SMC) is discussed. Emphasis is placed on following the curing by the study of storage modulus and loss tangent with storage time. Changes in the storage time showed an increase in the storage modulus (log E ) during a room-temperature cure. The loss tangent (tan δ) damping peak occurs as the system is driven into the glassy state by the cross-linking reaction. The SMC displayed a room-temperature log E of 8.5 Pa which increased to approximately 9 Pa in the subsequent scan in the DMTA.
Introduction
Fibre-reinforced composites are of growing importance, particularly for aerospace use where their high stiffness to weight ratio is very attractive. Interesting property variations are seen in these materials as a result of the extremely high fraction stress borne by the fibres. Dynamic mechanical tests measure the response of a material to a sinusoidal or other periodic stress. When a sinusoidal stress is applied to a perfectly elastic solid, the stress and strain will be in phase at all times. However, for pure viscous behaviour, the stress will be 90 • out of phase relative to the applied strain.
The storage modulus (log E ) is the elastic response and corresponds to a completely recoverable energy which quantifies the material's ability to store energy. Loss modulus E (a damping) which measures the material's ability to dissipate energy through internal motion shows the material's viscous behaviour. Tan δ = E /E , also called the loss tangent, is a damping factor which measures the ratio of energy dissipated as heat to the maximum energy stored in the material during one cycle of oscillation. The quantities E , E and tan δ depend strongly on molecular structure and are thus affected by the strain, strain rate, temperature and the rate of change of temperature.
With the dynamic mechanical thermal analysis (DMTA) technique, i.e. a mechanical experiment, the molecules are interacting with a mechanical stress. It is normally assumed that all molecular relaxation processes are seen using this technique. Data from DMTA testing are normally displayed as graphs of log E and tan δ versus temperature. Changes in log E detect variation in the state of molecular motion, molecular relaxation such as those occurring at the glass transition temperature (T g ), and measure secondary relaxation quantitatively in the material as temperature is scanned. These molecular motions and relaxation phenomena are associated with damping properties which give rise to a maximum tan δ (also called the damping peak). The increase can, however, be used as an empirical measure of the state of the cure of the sample through the relation of the peak or some other feature of the trace to separately measured engineering properties.
For material containing two components, the DMTA test reveals two distinct peaks. Each of the features indicates a different phase within the material. Material consisting of three components will show three distinct damping peaks. Each component exhibits its own damping peak, indicating incompatibility [1] . These peaks each change differently with frequency which means that the overall pattern changes quite dramatically with frequency.
Relaxation processes may be studied in more detail by obtaining data over a range of frequencies in addition to temperature. The strength of dielectric relaxation processes is well understood theoretically and relates to the extent of freedom attained by dipoles in the process [2] . In the mechanical case, no such relationship has yet been derived relating mechanical relaxation strength to a particular molecular motion [3] . Dynamic mechanical methods detect molecular relaxations such as those occurring at T g with a factor of approximately 1000 higher sensitivity than DSC/DTA, and measure secondary relaxation quantitatively [4] . For structural integrity, bond strength and creep-mechanical methods are the most appropriate monitoring technique for cure. DMTA provides engineering modulus and damping properties but is limited to larger and solid samples. In addition, modulus data are normally relative and not absolute, and depend on the length/thickness ratio of the sample.
Sheet moulding compound (SMC) undergoes significant changes in mechanical properties during cure. Curing temperature decreases with time because SMC cures naturally at room temperature. This was also observed in DMTA data by Connolly and Tobias where full cure is achieved at longer times if the temperature is lowered [5] . In this work, thermal analysis is done by varying the testing temperature from room temperature to 200 • C.
Materials and methods
Sheet moulding compound (SMC), supplied by Anchor Link (Malaysia) Sendirian Berhad, is a raw material for fabrication of water storage tanks. The matrix consists of a mixture of unsaturated polyester, calcium carbonate and polystyrene. The fibre is 25 mm chopped E-type glass, impregnated randomly with about 30% by weight of the matrix. E-type is a high borosilicate glass with a low alkali content (less than 1%) and is particularly suitable for electrical insulation. The uncured as-received sample was cured naturally at room temperature. Testing was done on the sample according to the curing time (in units of days).
The Polymer Laboratories dynamic mechanical thermal analyser (PL-DMTA) has been used for all the studies described in this paper. All of the results have used comparable running conditions of 1 Hz frequency, ×4 strain and 2 • C min −1 temperature rise. The length/thickness ratio of the sample use in this work is 3. The tests on the rectangular samples were performed in the dual-cantilever bending mode on a standard bending head. The sample is surrounded by an environmental chamber that can provide a simple thermal scan at various frequencies or isothermal conditions from room temperature to 200 • C. For reproducibility, three tests are performed on three similar occasions to produce three separate traces.
Results and discussions

The effect of scanning temperature
The same sample, having been heated to a certain temperature in the DMTA during the first run, was scanned again for the second and third run. From figures 1-3, log E proceeds to thermal cure as the temperature is raised above 125 • C in the first run. This temperature is suggested to be the onset of cure. This result is consistent with the findings of Connolly and Tobias for thermoset with cure above 100 • C [5] . They stated that the rate of increase of cure overcomes the progressive softening effect so that log E increases as is also observed in SMC. As in the case of thermosetting, SMC also shows a modulus drop above 175 • C. From figures 4-6, SMC are more dissipative (i.e. have a higher mechanical energy loss) during scanning in the first run than in the second and third runs. A lower tan δ in the second and third runs is primarily due to its higher stiffness. The large reduction in damping characteristic in the second run is also attributed to curing of the sample occurring during the first thermal scan. Since scanning temperatures alone do not complete the curing process, a further reduction in tan δ still occurs in the third run. Despite being for the same sample, log E and tan δ look very different. The explanation is believed to be as follows: the scanning temperature affects curing on both log E and tan δ in the first run.
Incompatible sequences (phase separation) can be assessed via the observation of two separate loss peaks in the first run. The position of the principal damping peak can be dependent on the state of cure. Peaks occurring at lower temperatures indicate some mutual solubility and phase boundary mixing. The larger magnitude of the damping term, tan δ, and its occurrence at lower temperatures indicates a superior capacity to dissipate energy when externally loaded. As the sample becomes cured during the first run, the loss peak becomes less obvious in the second and third runs. The reduction in the loss peak occurred because of improved compatibility between sequences in the blend as it cured.
The effect of storage time
To study the effect of storage time, all samples are scanned once only. As the sample is stored over time at room temperature, chemical reaction takes place and curing occurs. This curing is not complete when compared with curing at elevated temperature. The polymer which has cured becomes harder and can bear a higher load. The matrix bears the majority of the applied load in this partial curing process. For uncured samples, the straining of the sample probably induced 'molecular orientation' in the straining direction and thus increases stiffness of the sample yielding a higher modulus. curing began at 125 • C which is seen as an increase in log E . The increase in modulus at higher temperature is likely to be due to moisture loss. Although it is not definitely certain that log E increases with storage time for the first batch of samples ( figure 7) , the second and third batches of samples (figures 8 and 9) clearly showed an increase up to certain definite scanning temperature, i.e. 125 • C. Since 125 • C has been suggested as the temperature for onset of cure, storage time is no longer effective beyond this particular temperature. Figure 9 clearly shows that above 125 • C log E for longer storage times is very much lower than for shorter storage times. This is because the sample has cured naturally at longer storage times hence curing during the thermal scan is not significant.
Once a material has become glassy, the chemical kinetics slow considerably and therefore the rate of heat release decreases. Figures 10-12 once again show a deviation in the tan δ values versus temperature for different storage times. Tan δ shows a strong relaxation process in the DMTA thermogram at 65 • C and 125 • C. Once again the point at 125 • C is related to the temperature of onset of curing as in the log E versus temperature plot.
Conclusion
The curing of epoxy resins and similar materials from the liquid state is extremely difficult to follow. Evaluation of cure kinetics using mechanical methods is simply measured from the dynamic modulus, log E , of the SMC which typically increases at room temperature from as low as 8.9 to 9 Pa. The tan δ damping peak occurs as the system is driven into the glassy state by the cross-linking reaction. For SMC, curing commences at 125 • C and is complete after 175 • C. It is suggested that frequency multiplexing during a thermal scan is a convenient and rapid method for measuring the viscoelastic response via the generation of relaxation spectra and the activation energies of the relaxation processes.
